The cys2-1 mutation of Saccharomyces cerevisiae was originally thought to confer cysteine dependence through a serine O-acetyltransferase deficiency. In this study, we show that cys2-1 strains lack not only serine O-acetyltransferase but also'cystathionine f-synthase. However, a -prototrophic strain was found to be serine O-acetyltransferase deficient because of a mutation allelic to cys2-1. Moreover, revertants obtained from cys2-1 strains had serine O-acetyltransferase but not cystathionine P-synthase, whereas transformants obtained by treating a cys2-1 strain with an S. cerevisiae genomic library had cystathionine ,-synthase but not serine O-acetyltransferase. From these observations, we conclude that cys2-1 (serine O-acetyltransferase deficiency) accompanies a very closely linked mutation that causes cystathionine I-synthase deficiency and that these mutations together confer cysteine dependence. This newly identified mutation is named cys4-1. These results not only support our previous hypothesis that S. cerevisiae has two functional cysteine biosynthetic pathways but also reveal an interesting gene arrangement of the cysteine biosynthetic system. Current understanding of cysteine and methionine biosynthesis in Saccharomyces cerevisiae is illustrated in Fig. 1 (2, 15, 25) . On the other hand, Halos (cited in reference 11) obtained mutants that grew only on media supplemented with cysteine, found that they were serine O-4cetyltransferase (EC 2.3
Current understanding of cysteine and methionine biosynthesis in Saccharomyces cerevisiae is illustrated in Fig. 1 ; relevant gene-enzyme relationships are summarized in Table  1 . Establishment of this scheme has not been straightforward. Schlossmann and Lynen (27) first found serine sulfhydrylase (EC 4.2.1.22) and suggested that S. cerevisiae might synthesize cysteine by direct sulfhydrylation of serine. Later, Wiebers and Garner (33) showed that O-acetylserine sulfhydrylase (EC 4.2.99.8) was much more active than serine sulfhydrylase. Yamagata et al. (35) demonstrated that mutants able to grow on media supplemented with cysteine, homocysteine, or methionine (19) were O-acetylhomoserine sulfhydrylase (EC 4.2.99.10) deficient. It was shown that O-acetylhomoserine also acted as O-acetylserine sulfhydrylase (34) . Consequently, these mutants were 0-acetylserine and O-acetylhomoserine sulfhydrylase deficient; the responsible mutation was designated metl 7 (15) , an allele of which was once named met25 (2, 15, 25) . On the other hand, Halos (cited in reference 11) obtained mutants that grew only on media supplemented with cysteine, found that they were serine O-4cetyltransferase (EC 2.3.1.30) deficient, and divided the responsible mutations into two complementation groups, cysi and cys2. Although these investigations established that S. cerevisiae, like bacteria (31) , synthesizes cysteine by sulfhydrylation of serine (via O-acetylserine), they gave the erroneous impression that this was the sole pathway for cysteine biosynthesis in S. cerevisiae (discussed below).
It has been known for some time that S. cerevisiae has enzymes for interconversion between cysteine and homocysteine via cy'stathionine (3, 6) . The fact that met] 7 mutants grow on media supplemented with cysteine is an indication that the pathway from cysteine to homocysteine functions in vivo; this pathway is analogous to the enteric bacterial pathway of homocysteine biosynthesis (7, 31) . Homocysteine is subsequently methylated to produce methionine (cited in reference 11). It should be stressed that S. cerevi-* Corresponding author. siae, unlike enteric bacteria, synthesizes homocysteine not only via this pathway but also by sulfhydrylation of homose'rine (via O-acetylhomoserine) (34, 35) ; this pathway is suggested to be the main homocysteine, and eventually methionine, biosynthetic pathway in Brevibacterium flavum (30) . Thus, it has been established that S. cerevisiae has two homocysteine biosynthetic pathways; one has cysteine as an intermediate, while the other does not.
Recently, Ono et al. (22) demonstrated that the cysl-3 strains described by Halos (see above) actually contain an additional mutation, linked to cysl-3, that causes -y-cystathionase (EC 44.1.1) deficiency. Since neither cysl -3 nor the new mutation, designated'cys3-1, alone confers cysteine dependence, it is concluded that the pathway from homocysteine to cysteine functions in vivo. The notion that S. cerevisiae has a pathway from methionine (via homocysteine and cystathionine) to cysteine is in accord with the findings that this organism contains cystathionine 3-synthase (EC 4.2.1.21) (3) and that met17 mutants grow on media supplemented with methionine or homocysteine (19) . The flow of sulfur atoms in this pathway is the same as that in the mammalian pathway (4) and opposite that in the enteric bacterial pathway (see above).
It is now quite certain that the S. cerevisiae cysteine and methionine biosynthetic system is much more complex than we once thought. Since Neurospora crassa (3), Saccharomycopsis lipolytica (18) , and Aspergillus nidulans (23) have largely identical pathways, this complex system may be general to fungi. Therefore, elucidation of the S. cerevisiae cysteine and methionine biosynthetic system may facilitate better understanding of fungal sulfur metabolism. However, there still remains an ambiguity in the S. cerevisiae system. That is, the notion that cys2 tnutations cause cysteine dependence through serine O-acetyltransferase deficiency (see above) clearly contradicts our two-pathways model of cysteine biosynthesis; serine O-acetyltransferase deficiency alone should not result in cysteine dependence (Fig. 1) tion closely linked to them would block the pathway from homocysteine to cysteine. From this standpoint, we examined cys2-1 strains genetically and biochemically. In this report, we pre5ent evidence that they lack not only 0-acetylserine sulfhydrylase but also cystathionine f-synthase. The cystathionine P-synthase deficiency is attributed to a mutation linked to cys2-1. This newly defined mutation is named cys4-1. On the basis of the results presented, we discuss the biological significance of the S. cerevisiae cysteine and methionine biosynthetic system. MATERIALS AND METHODS Yeast strains. The yeast strains used in this study are listed in Table 2 . JW1-1C and JW1-2C were provided by the Yeast Genetic Stock Center, University of California, Berkeley MATa leul 20 OK312-7C MATa cys2-1 cys4-1 his3 leu2 trpl This study OK312-25D MATa cys2-1 cys4-1 his3 leu2 trpl This study "The cys4-J and cys2-2 alleles were newly defined in this study. (16) . IS66-4C and IS66-3B were two segregants obtained from a cross between D273-1OB (28) and 7553D (5). NA12-3C and IS66-4C were used as a standard cys2-J strain and the corresponding wild-type strain, respectively. OK312-7C and OK312-25D were two segregants obtained from a cross between DKD-5D and NA12-3C.
Yeast growth media and growth conditions. Standard yeast growth media were used (21, 29) . YPD medium contained 2% glucose, 2% peptone, and 1% yeast extract. The synthetic minimal (SD) medium was described by Wickerham (32) . When necessary, L-cysteine hydrochloride * H20 or L-glutathione was added to growth media at a concentration of 30 jig/ml. Other nutrients were added as described previously (21) . For solid media, 2% agar was added. Cells were incubated at 30°C for growth.
Genetic procedures. Standard yeast genetic procedures were used (29) . Revertants were isolated with or without UV irradiation at a dose of 50 J/m2.
Preparation of cell homogenates. Cell homogenates were prepared as described previously (22) . Cells were grown in YPD medium to mid-logarithmic or late logarithmic phase. The cells were harvested, washed twice with 20 mM potassium phosphate buffer, pH 7.5, and suspended in the same buffer containing 50 nM pyridoxal phosphate and 100 nM disodium EDTA to a final density of 1 g (wet weight) of cells per ml; pyridoxal phosphate stabilized serine O-acetyltransferase and y-cystathionase without affecting cystathionine ,-synthase (B. Ono and Y. Shirahige, unpublished data). Glass beads (0.5 mm in diameter) were added to the cell suspension (1 g of glass beads per 1 g [wet weight] of cells), and the mixture was shaken vigorously in a Vibrogen (Edmund Bahler, Tubingen, Federal Republic of Germany) cooled with ice water. The cell homogenate was centrifuged at 13,000 x g for 45 min to separate the supernatant and the precipitate; the precipitate was suspended in the homogenization buffer. These fractions were dialyzed against the same buffer. All of these procedures were carried out at 4°C.
Enzyme assays. Serine 0-acetyltransferase was assayed at 30°C as described by Kredich and Becker (13) . Cystathionine ,-synthase was assayed at 37°C by the method of Kashiwamata and Greenberg (12) ; the cystathionine formed was measured as described by Gaitonde (8) . Cystathionine P-synthase was about 1.5 times more active at 37°C than at 30°C. -y-Cystathionase was assayed at 30°C by the method of Flavin and Slaughter (7).
Protein assay. Protein was assayed by the method of Lowry et al. (14) , using bovine serum albumin as a standard. For the precipitate, the assay was done in the presence of 2% sodium dodecyl sulfate. For description of NA12, see Materials and Methods. OK312, OK362, and OK363 were crosses between NA12-3C and DKD-5D, between OK312-7C and IS66-4C, and between OK312-7C and OK362-102A, respectively. The asci were dissected, and the separated spores were placed on YPD agar medium supplemented with 3 iLg of glutathione per ml.
Transformation of S. cerevisiae with a genomic library. An S. cerevisiae genomic library described by Ohya et al. (20) was used; DNA of strain A5-8-1A was partially digested with Sau3AI, and fragments of 5 to 15 kilobase pairs (kbp) were cloned in a centromere-bearing vector, YCpG11. Yeast transformation was achieved as described by Ito et al. (10) except that the DNA-treated cells were incubated in YPD medium for 2 h before being spread on selective medium; with this modification, transformation frequency increased two-to fourfold (Ono, unpublished data). The selective plates were incubated at 30°C for 14 days, and the resultant colonies were picked and subcloned to obtain pure clones.
Chemicals. Yeast extract and peptone were products of Difco Laboratories (Detroit, Mich.). Acetyl-coenzyme A was purchased from Sigma Chemical Co. (St. Louis, Mo.). Pyridoxal phosphate, L-serine, DL-homocysteine, and ninhydrin were products of Nakarai Chemicals, Ltd. (Kyoto, Japan). Other reagents were analytical grade.
RESULTS
Lethality and segregation of cysteine dependence in crosses heterozygous for cys2-1. When we crossed JW1-2C and IS66-4C, the resultant diploid showed very poor (less than 30%) spore viability, presumably because of genetic imbalance. We then crossed one of the Cys-segregants with IS66-4C. This time, spore viability was about 60%. By repeating the same backcrossing procedure, twice more, spore viability reached a stable level of about 80%. The results of the last (fourth) backcross and the subsequent crosses are summarized in Table 3 . All crosses showed somewhat similar spore viabilities (discussed below). There were apparently no asci that contained three or more Cys+ or Cys-spores. Moreover, all asci that had four viable spores showed a 2:2 ratio of Cys+ to Cys-. Since all Cyssegregants did not complement with JW1-1C or JW1-2C (depending on mating type), we conclude that they contained the cys2-1 allele and that cys2-1 appears to be a single genetic element that confers the Cys-phenotype, as claimed by Halos (cited in reference 11). However, it should be kept in mind that this result does not exclude the possibility that Cys-is caused by two very tightly linked mutations.
Spore viabilities of these crosses and frequencies of spores with different auxotrophy are shown in Table 4 . In all crosses, the frequency of Cys-, but not other auxotrophy, was much less than 50%. This result indicates that cys2-1 is partly responsible for lethality; since no marked lethality was observed for strains containing cysl-3 and cys3-1 (22), we do not think that the Cys-phenotype is the cause of It may be worth mentioning that the segregants that were Cys-due to cys2-1 did not show full growth on SD medium supplemented with cysteine in addition to other nutrients. However, they grew better if glutathione was substituted for cysteine. Since we have observed the same effect of glutathione on Cys-caused by cysl-3 cys3-1 (22), we suspect that many strains in our stock collection are inefficient, if not defective, in cysteine uptake.
Association of serine O-acetyltransferase deficiency and cystathionine I8-synthase deficiency with the cys2-1 allele. IS66-4C contained serine O-acetyltransferase, cystathionine 3-synthase, and y-cystathionase (Table 5) . Interestingly, the first enzyme was found exclusively in the supernatant, whereas the others were found in both the supernatant and the precipitate; these activities remained in the supernatant even after centrifugation at 100,000 x g for 60 min (data not shown). In contrast, NA12-3C had neither serine O-acetyltransferase nor cystathionine P-synthase in either the supernatant or the precipitate. So far as we examined, all Cyssegregants in the NA12 cross were alike in this respect. These results are significant in two aspects, enzyme localization and the gene-enzyme relationship. With respect to the former, we are undertaking further investigations (Ono, Naitoh, and Shirahige, in preparation). In this study, we focused on the latter aspect. Actually, the result obtained was what we expected from our previous supposition that S. cerevisiae synthesizes cysteine via two pathways. However, the result has raised a new question as to how an apparent single genetic factor causes deficiencies of the two enzymes. Possibilities are as follows: (i) cys2-1 is a mutation in a gene that codes for a peptide with the two enzyme activities, (ii) cys2-1 is a mutation of a gene required for the expression of two genes coding for the two enzymes, and (iii) cys2-1 accompanies a mutation of a tightly linked but made by a cross between IS66-3B and NA23-23B contained serine O-acetyltransferase, whereas that made by a cross of IS66-3B and NA12-3C did not. From this result, we conclude that IS66-3B contains a mutation, allelic to cys2-1, that causes serine O-acetyltransferase deficiency. The existence of this mutation, designated cys2-2, not only supports our previous notion that the pathway via O-acetylserine is not the sole cysteine biosynthetic pathway but also strongly suggests that the CYS2 locus controls serine O-acetyltransferase activity but not cystathionine P-synthase activity.
Revertants and transformants obtained from cys2-1 strains. As we described above, serine O-acetyltransferase deficiency and cystathionine P-synthase deficiency were not separated by meiotic recombination. We next attempted to separate them by reversion. A spontaneous revertant and several UV-induced revertants were obtained from cys2-1 strains NA12-3C and OK312-7C, respectively ( Table 7) . The revertants did not grow as well as did other prototrophic strains, such as IS66-4C and IS66-3B, and formed small colonies on medium lacking cysteine. Interestingly, all of these strains contained serine O-acetyltransferase but not cystathionine 3-synthase. This result indicates that NA12-3C carries a reversible mutation that causes serine 0-acetyltransferase deficiency and an irreversible mutation that causes cystathionine 3-synthase deficiency. The former is cys2-1, and the latter is a newly defined mutation, designated cys4-1.
To confirm that S. cerevisiae has a gene that controls cystathionine P-synthase activity (CYS4) distinct from a gene that controls serine 0-acetyltransferase activity (CYS2), we performed the following experiment. A cys2-1 strain, OK312-7C, was transformed with an S. cerevisiae genomic library (see Materials and Methods), and Trp+ Cys+ transformants were selected. A few large (wild-typesize) colonies and many small colonies were obtained on the selective plates. Most of the small colonies did not grow when transferred to the fresh selective medium. Nevertheless, we obtained three independent clones which formed small colonies. These small clones were subjected to enzyme assays together with representative large clones ( Table 7) . To our surprise, the small and large clones contained serine 0-acetyltransferase and cystathionine 3-synthase, respectively. We made the following analyses to test whether the clones obtained were transformants. One each of the small and large clones was crossed with IS66-4C. The resultant diploids were sporulated, and the asci were analyzed ( Table 8 ). The diploid formed from 4-2SA (a small clone) and IS66-4C did not give rise to any Cys-segregants in eight asci, which indicated that 4-2SA was an intragenic revertant rather than an intergenic revertant or a transformant. In contrast, the diploid formed by a cross between 10-1LA (a large clone) and IS66-4C gave rise to Cys-as well as Cys+ segregants, which indicated that 10-1LA still contained mutations conferring Cys-. We then crossed 10-1LA with OK312-25D. The resultant diploid was sporulated, and the asci were analyzed (Table 8 ). It was clear that the ratios of both Cys+ to Cys-and Trp+ to Trp-were 2:2 in all asci. Since all Cys+ segregants were Trp+, we conclude that 10-1LA contains a gene responsible for cystathionine P-synthase activity, namely, CYS4, on the plasmid that carries TRPI as a selective marker. That the cystathionine ,B-synthase level of the large clones was much higher than that of IS66-4C and comparable to that of A5-8-1A (DNA donor) is additional evidence that these clones were transformants. From this result, we conclude that CYS4 is responsible for cystathionine P-synthase activity but not for serine 0-acetyltransferase activity. DISCUSSION Gene-enzyme relationship in cysteine biosynthesis of S. cerevisiae. Serine O-acetyltransferase and 0-acetylserine sulfhydrylase constitute a pathway from serine to cysteine via 0-acetylserine. This pathway is analogous to the bacterial cysteine biosynthetic pathway. Cysteine is further converted to methionine via cystathionine and homocysteine in both S. cerevisiae (26) and enteric bacteria (31); it is known that Chlorella sorokiniana synthesizes cysteine and methionine via a similar pathway (9) . On the other hand, it is suggested that B. flavum synthesizes homocysteine mainly by sulfhydrylation of homoserine (via O-acetylhomoserine) (30) . S. cerevisiae has this pathway also (34, 35) . In short, S. cerevisiae, like bacteria and algae, utilizes inorganic sulfur for cysteine and methionine biosynthesis. That is, the organism is autotrophic for sulfur utilization. Cystathionine Psynthase and -y-cystathionase constitute another cysteine biosynthetic pathway. In this pathway, serine and homocysteine combine to form cystathionine, which is then cleaved at the -y position to produce cysteine. This pathway is analogous to the mammalian cysteine biosynthetic pathway (4, 6) . It is, so to speak, the heterotrophic pathway of sulfur utilization. Although mammals synthesize homocysteine only from methionine, S. cerevisiae synthesizes homocysteine not only by demethylation of methionine but also by sulfhydrylation of homoserine (via O-acetylhomoserine) (34, 35) . The existence of the two distinct cysteine biosynthetic pathways in S. cerevisiae has hampered not only isolation of cysteine-dependent mutants but also genetic and biochemical characterization of the mutants obtained. Nevertheless, characteristics of all known cysteine-dependent mutants are well rationalized by the present scheme for the cysteine and methionine biosynthetic system. That is, metl 7 strains lacking O-acetylserine and O-acetylhomoserine sulfhydrylase (15, 34, 35) grow on media supplemented with cysteine, homocysteine, or methionine (19) because they contain the enzymes required for transsulfuration between these amino acids. On the other hand, mutants that can grow only with cysteine supplementation (cited in reference 11) are the double mutants cysi cys3 (22) and cys2 cys4 (this study).
They do not grow on media supplemented with methionine because cys3 or cys4 blocks the flow from methionine to cysteine. It is now evident that serine sulfhydrylase (27) does not function in vivo. Since serine sulfhydrylases of chicken liver (1) and A. nidulans (24) have been shown to be identical a 10-1LA (large clone) and 4-2SA (small clone) were obtained from OK312-7C after a treatment with a genomic library (see Table 7 ).
b All Trp+ segregants were Cyst.
to cystathionine 3-synthase, it is likely that the same is true in S. cerevisiae.
The S. cerevisiae cysteine and methionine biosynthetic system may provide a unique opportunity for studying regulation of the redundant pathways. Understanding of the regulation of each enzyme is needed. The localization of each enzyme is likewise of interest, since we have presented preliminary evidence that the mammalian pathway enzymes localize differently from the bacterial pathway enzymes (Table 5 ). Further elaboration of this matter is now in progress in our laboratory. It is also of interest to know how exogenous cysteine affects the regulation of the cysteine biosynthetic enzymes. In this respect, understanding of the cysteine uptake system is required. We suspect that some strains in our stock collection, including the cysteine-dependent strains, are partially defective in cysteine uptake (22; this study). Genetic and biochemical characterization of this defect is needed. It is also of interest to know what causes lethality to the cys2-1-bearing spores.
Arrangement of the genes in the cysteine biosynthetic pathways. We showed previously that the mutations conferring serine O-acetyltransferase deficiency (cysl) and -y-cystathionase deficiency (cys3) are closely linked (22) . In this study, we presented evidence that another mutation conferring serine O-acetyltransferase deficiency (cys2) and a mutation conferring cystathionine 3-synthase deficiency (cys4) are also closely linked. Although we succeeded in separating cysl and cys3 by means of meiotic recombination, we have not so far succeeded in separating cys2 and cys4. From the fact that we have not obtained transformants having both serine O-acetyltransferase and cystathionine P-synthase, we think that the distance between the far ends of the genes CYS2 and CYS4 is more than 15 kbp (the maximum size of DNA fragments used for the genomic library [20] on July 7, 2017 by guest http://jb.asm.org/ Downloaded from mutation. If cys4-1 is a deletion mutation extending to the space region and cys2-1 is a mutation at the end of the gene closer to CYS4, then the genetic distance between cys2-1 and cys4-1 could be very small. Of course, this speculation needs experimental proof. We are now undertaking an effort to recover the recombinant plasmids from the S. cerevisiae transformants. Using them, we will be able to provide a firm basis for our argument.
It is of great interest that cysl and cys2, each of which confers serine O-acetyltransferase deficiency, are not linked to each other but are linked to cys3 and cys4, respectively. We contend that this unique arrangement of the mutations (i.e., genes) reflects some biological significance. By assuming that all of these mutations arise in the structural genes, we hypothesize that the bacterial (autotrophic) pathway is the ancestral pathway. We believe that the genes (CYSI and CYS2) for the subunits of serine O-acetyltransferase have independently duplicated and that one each from the two pairs has evolved into the gene that codes for an enzyme for the mammalian (heterotrophic) pathway. To test this hypothesis, physical characterization of these genes or the peptides encoded by them is needed. It should also be stressed that N. crassa (3), Saccharomycopsis lipolytica (18) , and A. nidulans (23) have similar cysteine and methionine biosynthetic systems. Since it is likely that this system is general to fungi, the gene organization of the system in various fungi may provide clues for evolution of the system.
